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Abstract

This paper presents a review of the requirement for,
and development of, advanced measurement technol-
ogy for the National Aero-Space Plane program. The
objective is to discuss the technical need and the pro-
gram commitment required to ensure that adequate
and timely measurement capabilities are provided for
ground and flight testing in the NASP program. The
paper presents the scope of the measurement prob-
lem, describes the measurement process, examines how
instrumentation technology development has been af-
fected by NASP program evolution, discusses the na-
tional effort to define measurement requirements and
assess status of NASP technology; and summarizes the
measurement requirements. The unique features of the
NASP program that complicate the understanding of
requirements and the development of viable solutions
areillustrated.

Nomenclature

BTU British Thermal Unit

CFD computational fluid dynamics
Ccw continuous wave

dB decibel

FeCrAl iron-chrome-aluminum

LIF laser induced fluorescence
LOS line of sight

NASP National Aero-Space Plane
NDE nondestructive evaluation

* Aerospace engineer. Member AIAA
**Aerospace engineer. Member AIAA.
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OH hydroxyl radical (a combustion
intermediary)

P pressure

PdCr palladium-chrome

PLIF planar laser-induced fluorescence

q heat transfer

RF radio frequency

SBIR Small Business Innovative Research

SSTO single-stage-to-orhit

T temperature

TechMat  Technology Maturation
TMC titanium matrix composite
he combustion efficiency

hm mixing efficiency

Introduction

Instrumentation for the National Aero-Space Plane
(NASP) program, is an enabling technology critical to
accomplishing the program goals. This paper provides:
(1) an historical overview of the work within the NASP
program to develop instrumentation technology in sup-
port of the program objectives, (2) a discussion of the
development process and activities, (3) an assessment
of the current development status, and (4) a perspec-
tive on the features of the NASP program that con-
tributed to the current state of instrumentation tech-
nology readiness.

Defining the M easurement Problem

In the NASP program, instrumentation devel opment
is seen almost exclusively as a problem in developing
transducers to measure the key parameters necessary
to confirm performance and research models of phys-
ica phenomena. There are additional aspects to the
instrumentation task, such as data acquisition, system



interconnects (wiring or fiber optics), recording, and
telemetry. However, the program technology needs
were thought to be concentrated on the development of
transducers that would operate in the extreme environ-
ment characteristic of hypersonic atmospheric flight.

Scope of the M easurement Problem

In this document, the measurement problem has
three essentiadl domains. These are quality, environ-
ment, and application. These domains or dimensions
areillustrated in Fig. 1.

Quality

The quality domain characterizes the quality of the
information available. Defined here, quality is a multi-
dimensional domain that includes the factors normally
associated with the goodness of information. Typical
quality factors are repeatability, accuracy, precision,
and frequency capability. Off-the-shelf systems pro-
vide adequate measurement quality information under
benign environmental conditions. For new measure-
ments, the measurement quality must be established
from new concepts with new baseline standards defined
simultaneously. For example, when a thermographic
phosphor technique is used for temperature measure-
ment, the phosphor measurement repeatability, accu-
racy, precision, and frequency response must be estab-
lished by experiment. This capability then becomes the
baseline standard for thermographic phosphor temper-
ature measurement.

Environment

The environment domain encompasses al the envi-
ronmental factors that influence the measurement. In
the NASP program, the primary environmental fac-
torsare severe temperature and high heat transfer
rates Other environmental factors incdude  oxidizing—
reducing atmosphere, ionized—-plasma gas conditions,
low temperature (liquid—slush hydrogen), high thermal
gradients, and high-intensity acoustic fields.

Application

The application domain includes the details of mak-
ing a specific measurement in a specific situation. The
application domain is characterized by the need to in-
tegrate transducers into the NASP systems, whether
structural, propulsive, or aerodynamics. Often, the in-
tegration requires that the transducer be small. In
others, it may need to be chemically nonreactive, or
the transducer installation may require matching some
physical parameter, such as therma conductivity or
specific heat, so the parameter being measured is not
disturbed. Most situations require a combination of
these factors to meet the specific need. The location of
the test in either the ground or flight environment is
also a factor in the application domain. The following

examples illustrate the application domain; however,
these examples are not fully representative of the broad
spectrum of unique applications in the NASP program.

The first example is making a heat transfer measure-
ment on the surface of a highly curved wing-leading
edge of a vehicle in hypersonic flight. This measure-
ment must be performed without adding surface rough-
ness, and without disurbing the surface heat conduc-
tivity or thermal capacity. This application requires
that the transducer be integrated into the leading edge
and the means for transmitting the information away
from the transducer (wiring or fiber optics) must be
imbedded into the supporting structure. The sensing
for this application may also be possible through re-
mote, nonintrusive techniques. This application is far
more difficult to implement than a ground test involv-
ing heat transfer measurement from a flat surface, for
example.

The second example is making a measurement of the
gas species in a scramjet propulsion system. This must
be done in the limited volume available in a flight ve-
hicle while providing optical access for the laser beam
probe in the extreme therma environment. A simi-
lar measurement in a laboratory test facility would not
impose the severe size constraints on the measuring
equipment, athough the quality and environment do-
mains would be nearly the same for both situations.

For the NASP program, measurement technology is
adequate to satisfy the quality domain requirements for
benign environments. However, the environmental and
application domains are inadequate, and devel opment
is continuing to establish improved capability. This
situationis shown in Fig. 2. The quality domain is
coupled to the environmental and application domains
in the sense that adequate technology for benign envi-
ronments is not adequate technology for extreme envi-
ronments and special application situations.

Quantifying the M easurement Domains

The three measurement domains provide useful stan-
dards to gauge current measurement capability and
determine instrumentation development reguirements.
However, to use these standards, it is first necessary
to quantify each of the three domains. The quality
domain is more difficult to quantify than others be-
cause the quality requirements are determined by the
objectives of a particular test, whereas, the environ-
ment and application requirements are determined by
the test article and test conditions. This link between
measurement quality and test objective is less intuitive
than the connection between either environment and
test conditions or application and test article.

Uncertainty analysis defines the relationship between
test objectives and measurement quality. Uncertainty



analysis takes the specific, quantified, test objectives
and establishes the type, location, and quality of mea
surements needed. For example, a ramjet combustor
test is planned to determine combustion efficiency for
anew fuel injection concept. To be successful, the com-
bustion efficiency must be determined to an accuracy
of +5 percent. An uncertainty analysis examines the
equations used to calculate combustion efficiency (h,)
from measured facility and test data. This allows the
sengitivity of h; to each measurand to be defined. Sub-
sequently, the expected accuracy of each measurement
(P T, q) is propagated through the performance equa-
tions to determine the expected accuracy of the com-
bustion efficiency. The accuracy required of the var-
ious measurements can then be adjusted to meet the
required accuracy in combustion efficiency. This anal-
ysis allows a quality requirement to be established for
each measurement, and justifies that quality as being
necessary and sufficient to accomplish the objectives of
the particular test. Unfortunately, uncertainty analysis
is complex, time consuming, and difficult to generalize
and for this reason, the measurement quality dimension
is difficult to bound.

For the NASP program, the quality domain is espe-
cialy difficult to bound because of the diversity of test
objectives, the rapid evolution of test techniques, and
the lack of uncertainty analyses for specific tests within
the program. Consequently, the quality domain, where
it has been bounded, is a somewhat general and artifi-
cial estimate of the expected quality requirements. The
environment domain is bounded by the thermal, chem-
ical, mechanical, and acoustic environments in which
the vehicle is designed to operate. The application do-
main is bounded by the variety of material systems and
structural concepts under development as well as the
overall weight, volume, and power limitations for the
instrumentation on the X-30. These issues will surface
again when the challenge of requirements definition is
discussed.

M easurement Process

Measurements are made by using a physical phe-
nomenon to transform information into a usable form.
The transducer is subjected to the effects of a measur-
and of interest and the transducer output provides the
useful information (Fig. 3). “All transducers respond
to all aspects of their environment in al ways of which
transducers are capable of responding..”! For exam-
ple, the transducer responds to the thermal, electro-
magnetic, chemical, and mechanical environment. The
challenge of measurement is to enhance the desired re-
sponse(s) and to suppress the undesired responses. An
example of a strain transducer is shown in Fig. 4.

Thermal Effects

The thermal environment amplifies the intensity of
the other responses in addition to inducing its own
effects. Change in physical characteristics of mate-
rialsis a major effect of temperature. Temperature
changes affect stiffness, yield strength, and creep. The
following example shows how the other responses are
intensified. At room temperature, the chemica effects
of oxidation on the sensor and installation are negli-
gible for the operating lifetime of most installations.
At elevated temperatures, oxidation may shorten the
useful lifetime to a few hours and require specia re-
calibration procedures to accommodate the change in
chemical composition. Another example is the ther-
mal environment that precipitates changes (reversible
or irreversible) in the physical state of transducer com-
ponents. Examples of state changes include changes
inphysical strength because of temperature changes
or because of the formation of new compositions (such
as aloys) created by nearby components. The effects
from new compositions tend to be irreversible.

Chemical Effects

The chemical environment precipitates chemical
changes in the makeup of a transducer and its instal-
lation. These changes cause degraded performance. A
common example of this effect is the oxidation of criti-
cal materials that irreversibly change the physical char-
acteristics over time to produce “aging”. Besides oxi-
dation, chemical interaction between transducer com-
ponents is a factor that must be considered especially
when the device is operated at elevated temperature.
Specia coatings can sometimes be used to separate re-
active materials and aleviate the effects of chemical
degradation.

Electro-magnetic Effects

The €electro-magnetic environment introduces spuri-
ous signals into the transducer outputs through electro-
magnetic fields near the transducer. Sources of these
fields include power wiring, power conversion compo-
nents, and various radio frequency (RF) transmissions.
In hypersonic flight, the local flow field about the vehi-
cle reaches temperatures where ionization and dissoci-
ation create a conductive plasma condition, the effects
of which are not well understood.

M echanical Effects

The mechanical environment includes the absolute
and differential physical motions to which the trans-
ducer is subjected. These motions include accelera-
tion, velocity, and displacement as well as differential
versions of these same parameters. Mechanical strain is



a common example of a differentia displacement being
experienced by a transducer. The effects of transducers
subjected to mechanical strain may include changes in
offset, scale factor, and linearity. If the transducer is
not irreversibly damaged by the strain, recalibration is
usually required at a minimum.

Transducer Example

The typical strain transducer uses piezo-resistive ef-
fects and sensor distortion to provide an output that
changes resistance in response to mechanical strain in-
puts. Figure 4 illustrates the transducer response situ-
ation with several environmental stimuli being applied
to the strain transducer. A useful strain transducer
will enhance the response to the mechanical environ-
ment and suppress responses to al other environmental
stimuli.

The typical strain transducer response to the previ-
ously mentioned environments will be assessed in the
following paragraphs. If the response is manifest as
achange in the basic transducer characteristic (resis-
tance), the response will be termed intrinsic. Extrinsic
response is the result of effects associated with attach-
ment to the structure. When the strain transducer
isinstalled, the effects of this installation modify the
transducer behavior and the strain at the installation
point. Strain transducers respond to the thermal envi-
ronment with a change in intrinsic resistance because
the electrical resistance of most materials changes as
the temperature changes. Over wide temperature ex-
cursions, many materials exhibit phase changes in their
crystal lattice structure. A phase change often inter-
jects a step change in resistance at a critical temper-
ature. When a transducer material is an alloy at ele-
vated temperatures, one of the aloy constituents may
sublime and change the transducer makeup thereby
altering the intrinsic electrical resistance and the re-
sponse to the applied strain. Constituent sublimation
isseen asadrift in the intrinsic resistance.

Thermal effects also appear in the gauge attachment
to the measured structure. When the structure and
the strain transducer have different thermal coefficients
of expansion, a strain will be induced into the trans-
ducer because of a differential expansion as tempera-
ture changes. This effect is in the extrinsic response
category and is often conveniently combined with the
intrinsic responses previously noted into a term called
apparent strain. A strain gauge instalation can be
temperature cycled to calibrate the response to tem-
perature and the calibration used to suppress the ef-
fects of temperature during actual strain measurement.
Figure 5 shows that the magnitude of this effect for
commercial gauges employed under NASP can be as
high as 14000 p strain for anticipated temperature cy-
cles. Through the use of temperature compensation

techniques, this 14000 p strain may be reduced to less
than 4000 p strain (also shown in Fig. 5). These tech-
niques were developed as a part of the NASP instru-
mentation development activity. This gauge output
variation must be applied as a correction factor to the
measured strain value which may be typically between
100 and 2000 p strain. For quality measurements, the
apparent strain variation with temperature must be
highly repeatable.

The chemical environment affects the intrinsic and
the extrinsic responses of the strain transducer. The
intrinsic response is caused by changes in the chemical
makeup of the transducer itself (usually experienced
as oxidation). Often an alloy constituent of the trans-
ducer will oxidize at high temperatures and change the
basic gauge resistance and the basic response to strain.
These effects are similar to those experienced when an
aloy constituent evaporates. This response would be
seen as a ow change in gauge characteristics that are
combined in aterm called drift or aging.

When the strain transducer is installed, the installa-
tion modifies the strain transfer and the strain at the
installation point. The gauge installation modifies the
strain when the structure lacks stiffness and the gauge
installation adds stiffness at the point of measurement.
This situation frequently occurs when the strain must
be measured in athin skin.

Development Time and Resour ces

Substantial work is required to transform a new mea-
surement concept into a useful research tool. This work
tranglates into significant time and resources. Experi-
ence has shown that this process requires several mil-
lion dollars and between 5 and 10 years to accomplish.

Program History

To understand the state of NASP instrumentation
requirements and technology development it is nec-
essary to first understand the history of the NASP
programand the evolution of the instrumentation
program.

Copper Canyon (1983-1985)

The NASP program began in 1983 with the “ Copper
Canyon” phase which concentrated on vehicle concepts.
This stage of the program was completed at the end
of 1985. There is no evidence that any measurement
development work was done during this program phase.

Technology Maturation (1986—-1990)

Phase 2 of the NASP program began in 1986. The
early years of this phase were marked by competitive
engine and airframe development efforts and the forma-
tion of the Technology Maturation (Tech Mat) program
to develop critical technology required by the NASP



program. Technology teams were formed to direct tech-
nology advancement in the following seven disciplin-
ary areas. aerodynamics, computational fluid dynamics
(CFD), high-speed propulsion, low-speed propulsion,
structures, materias, and flight systems. Government
staff provided the direction for these teams with par-
ticipation and periodic review by contractor and other
government and academic representatives. Respon-
sibility for instrumentation development was placed
within these seven teams. Two teams (structures and
low-speed propulsion) identified funding to support
measurement technology development.

Shortly after the teams were formed, an instrumen-
tation task force was established. Near the end of the
Tech Mat program the Instrumentation Task Force was
formally chartered as an instrumentation team and re-
sources were provided for additional development cov-
ering multidisciplinary instrumentation problems such
as high-temperature optical fibers and optica fiber-
based sensing. By the end of the Tech Mat program,
fiveof the original seven teams had initiated mea-
surement technology development primarily concerned
with ground test measurements.

Consortium—-National Team (1990 to present)

In 1990, the five NASP prime contractors formed
an instrumentation consortium. This group focused
on developing needed technology to support NASP
flight measurements. Shortly after the consortium be-
gan work, competition ended, and the five prime con-
tractors formed the national team. Consortium ac-
tivitiesand the Tech Mat program ended about this
same time. When the national team was formed, work
was alocated to each of the participating contractors
aswork packages. Several contractor work packages
were identified to continue instrumentation develop-
ment, however, because of resource allocations, only
the three airframe contractors participated in this de-
velopment. Coincident with this teaming, the gov-
ernment work package process was created to comple-
ment the contractor’s activity and to continue the gov-
ernment contribution within the technology program.
Work package oversight was provided by a consoli-
dated government—contractor review team.

The Challenge of Requirements
Definition
From the outset of the NASP program, devel opment
of measurement requirements has been a significant
challenge. The reasons for this are programmatic and
technical, yet the results are the same; a more gener-
alized definition of measurement requirements, a more
general statement of measurement deficiencies, and a

less focused technology development program. The
following paragraphs briefly relate the programmatic

and technical features of the NASP program that have
particularly complicated the definition of measurement
reguirements.

Programmatic Challenges

The development of measurement requirements for
NASP has been complicated by several programmatic
factors. These factors include cooperation from the
disciplines, program organization, evolution of the ve-
hicle design, competing program objectives (research
vs. demonstration), schedule fluctuations, and the lack
of clear payoff toward achieving program goals.

Disciplinary Cooperation

Since the disciplinary engineers (structures, aero,
propulsion) represent the customer, their cooperation
isessentia to development of credible measurement re-
quirements. Obtaining a clear set of requirements from
the disciplines, i.e., what they must measure, as op-
posed to what they desire to measure, has been diffi-
cult. The disciplines have for the most part, only iden-
tified measurement requirements that could be satisfied
with off-the-shelf instrumentation.

Program Organization

In the beginning, the program was not organized to
advocate and address measurement requirements. At-
tempts were made to improve requirements definition
asthe program gained momentum. This included char-
tering the instrumentation task force, the subseguent
formation of an instrumentation team, and the forma-
tion of the instrumentation consortium.

Evolution of Design

The evolution of the NASP design also contributed
tothe problem of defining valid requirements. The
wide range of structural concepts, material systems, en-
gine concepts, and ground test methods created many
environments and applications within which measure-
ments could be required. For example, a measurement
such as heat flux had to be considered for each of
the possible material systems with their corresponding
unique thermo-chemical environments and structural
design concepts [copper aloys, graphite—copper com-
posites, refractory metals (coated or clad), cobalt and
nickel superalloys, titanium matrix composites, beryl-
lium and beryllium composites, carbon—carbon, and
carbon-silicon carbide]. This situation has improved
because the number of material systems and design
conceptshave been reduced as the program has
evolved.

Competing Program Objectives

Measurement requirements definition has been af-
fected by the uncertainty over whether the X-30
vehicle is aresearch test bed or a demonstration vehicle
for single-stage-to-orbit (SSTO). This competition



extends to the ground test program wherein many of
the tests must be a balance between research, to under-
stand the behavior of a component, and demonstra-
tion to prove that a given technical approach will work.
Satisfying the research community implies higher mea-
surement accuracy and more difficult measurands (e.g.,
wall shear, flowfield properties, and surface strain) ver-
sus the demonstration community whose primary mea-
surands are those required for system control and safety
(e.g., surface pressures, and temperatures). In pro-
grams of this type, it is important to establish early on
the emphasis (research, demonstration, or some bal-
ance between) which will guide the test objectives and
consequently the test requirements.

Schedule

The aggressive, success oriented program schedule
created the dichotomy that if the instrumentation
needed by the program took more than 1 to 2 years
to mature, it was already too late for development; on
the other hand if the development only required 1 or 2
years, then it could be delayed until the next phase of
the program. Thus, a serious effort to define the mea-
surement requirements and provide for development of
the needed technology could be delayed.

Lack of Payoff

Clear requirements are necessary to understand defi-
ciencies, which in turn will show the payoff of invest-
ing in measurement technology. In particular, the lack
of data quality reguirements made advocating devel-
opment work substantially more difficult. If this data
quality assessment were accomplished, the payoff in un-
derstanding measurement requirements and the bene-
fits derived from instrumentation development would
be clear.

Technical Challenges

In addition to the programmatic challenges, there
areunique technical features of the NASP program
that have complicated the definition of measurement
requirements. The most important issues include par-
allel technology devel opment, differencesin ground and
flight requirements, the variety of applications and en-
vironments, the complexity of the transducer integra-
tions, collective severity of the measurement environ-
ments, and the lack of sensitivity—uncertainty anal-
ysis. Each issue will be discussed in the following

paragraphs.
Parallel Technology Development

The basis for these factors is the parallel technology
development required to satisfy NASP design goals.
Figure 6 illustrates the number of technical fields under
development by NASP and compares this with earlier

experimental hypersonic vehicles. By way of exam-
ple, the NASP program is conducting basic research to
characterize the thermal and mechanical properties of
several advanced materials. Concurrently, the manu-
facturing processes for these new materials are under
development to understand the optimal methods for fab-
ricating cost effective materials of uniform quality.
In addition, the NASP program is developing advanced
structural concepts using these materias. This paral-
lel development increases the scope of the measurement
requirement (measurement capability for multiple can-
didate material systems and structural concepts) and
complicates the solution of any single measurement
problem.

This increased complexity is shown by taking a sin-
gle material—structural concept (titanium matrix com-
posite (TMC) hot structure) and considering a single
measurement (strain). We define the measurement en-
vironment as a silicon-carbide fiber reinforced b-21S ti-
tanium composite material system, consolidated using
a hot isostatic press process, joined using either spot
welds or brazed joints and intended for operation to
1500 °F. The measurement of strain on such an arti-
cleis complicated by (1) the poor behavior of conven-
tional strain gauges between 700-1500 °F (nonlinear,
nonrepeatable apparent strain; temperature dependent
drift and gauge factor; and immature attachment tech-
niques), (2) lack of maturity of the TMC thermophys-
ical properties database, (3) batch-to-batch variabil-
ity of the fabricated materials, (4) complex, thermal-
cycle-dependent, residual stress state of the composite
(a function of its processing and lay-up), and (5) the
variable performance of the developmental structural
attachment—assembly processes.

The resulting complexity of strain measurement
giventhis host of problems seems obvious when
seen collectively from the instrumentation perspective.
However, it is often overlooked when viewed from the
isolation of any single discipline. Thisis only one of the
measurement problems presented by the parallelism in
NASP technology development. Clearly defining the
measurement problem for each measurement given the
variety of NASP materials and structures presents a
daunting challenge.

Ground versus Flight Requirements

The need to define the unique measurement require-
ments for ground and flight testing further compli-
cates the requirements development process. Although
the measurands required are similar, the constraints
imposed on meeting those requirements can be dif-
ferent (Fig. 7). Thus, clear definition of these con-
straints is necessary to structure an adequate develop-
ment program.



Variety of Applications

A given measurement must accommodate many ap-
plications. For example, Fig. 8 shows that the problem
of defining heat transfer measurement requirements is
complicated by the need to make these measurements
in seven different materials for four different structural
concepts, each of which constitutes a unique applica
tion. Each application is designed to accommodate a
different vehicle thermal, mechanical, and chemical en-
vironment. In addition, several transducer concepts
must be considered to identify the approach that will
best satisfy the measurement quality, environment, and
application reguirements.

Complexity of the Transducer Integrations

The complexity of NASP structural designs, the
severity of the test environments, and the difficulty
and risk associated with transducer integration have
hampered the development of measurement require-
ments. The vehicle design must be tailored to accom-
modate critical instrumentation installations. For ex-
ample, when a critical structural member has an upper
temperature limit beyond which failure is highly
probable, a means must be provided to measure and
monitor that temperature even though it may require
adesign modification. In this situation, there are no
workarounds. A high degree of design integration is
required to ensure that a transducer installation ap-
proach will satisfy the measurement requirement yet
not compromise the structural integrity.

The complexity of the transducer integration prob-
lem coupled with the rapidly evolving structural design
space has resulted in the first priority being placed
onthe demonstration of survivable structures. The
additional complications presented by embedded in-
strumentation will be addressed only after survival
isdemonstrated. This approach significantly compli-
cates the application dimension of the measurement
requirements. Figure 9 illustrates the type of cooled
panel structure required for an SSTO vehicle. Clearly
pressure, temperature, heat flux, and wall shear mea-
surements within a 0.020-in. wide structure present
formidable sensor integration challenges.

Diversity of M easurement Environments

The NASP program has a significant range of en-
vironments within which measurements must be ac-
complished (Fig. 10). These environments are di-
rectly related to the maturity of the vehicle design
and database. Thus, as the design (geometry or ma
terials), target operating conditions (dynamic pres-
sure), or fidelity of the test and anaysis database
change, the measurement environments change. For
example, as the understanding of shock-enhanced heat-
ing has evolved, the projected peak heat transfer

rate, where the bow shock intersects the engine cowl
leading edge, has spanned the range from 50,000 to
90,000 BTU/ft?-sec. Similarly, the peak acoustic lev-
els predicted for the vehicle have varied from 170 to
200 dB. This variability forces the generalization of the
measurement environment requirements to have stable
objectives for the measurement devel opment activities.

Sensitivity and Uncertainty Analysis

The development of credible measurement require-
ments has been made more difficult by the lack of sensi-
tivity and uncertainty analyses. The aobjective of these
analyses is to understand the type of measurements and
the measurement quality required to satisfy the objec-
tives of a test. The alternative is to gain this insight
empirically by the costly process of trial and error. The
importance of this point is shown by the decision to
develop hydroxyl radical (OH) nonintrusive diagnostic
systems for high-speed combustor testing.

The NASP program has invested substantial re-
sources to develop two nonintrusive systems to measure
OH. This decision was based on several logical premises
al of which strongly suggested that OH was aviablein-
dicator of combustor performance. When the systems
were used in combustor testing, the OH images were
difficult to interpret, could not be quantified, and most
importantly, could not be used to establish or absolute
combustor performance. Therefore, this diagnostic was
limited to providing qualitative insight into combustor
flows.

A numerical sensitivity analysis was conducted for
the combustor after it was found that the data pro-
duced by these systems were not providing the required
insight. Mixing was varied +10 percent that produced
a+14-percent/—11-percent change in the combustion
efficiency. The various surface and flowfield quanti-
tieswere examined to determine their relative change
compared to that seen in the mixing and combustion
efficiency. Figure1l shows the measurands that are
useful for determining combustion efficiency for a data
plane at the combustor exit. It is clear that OH is not
achange-sensitive indicator for combustion efficiency,
because it decreases from the nomina value whether
the mixing is increased or decreased. Conversaly, the
mass flux of water and the line-of-sight (LOS) averaged
water number density vary in direct proportion to the
combustion. Note also that oxygen mass flow is a sen-
sitive indicator of combustion efficiency for the case
analyzed. An important fact not revealed by this data
presentation is that for this analysis, less than 5 per-
cent of the original oxygen remains in the flow at the
exit plane. Therefore, a moderate change in combus-
tion efficiency produces an unusually large percentage
change in oxygen mass flow. The accuracy of the mea-
surement is a critical consideration if changes in small



guantities must be resolved, as would be the case for
measuring oxygen in a stoichiometric or rich combustor
with high-combustion efficiency.

The conclusions drawn from this sensitivity analysis
are (1) water and oxygen are better indicators of com-
bustor performance than OH for high-speed combustor
testing, and (2) sensitivity analysis should be followed
by an assessment of the accuracy with which each of the
candidate parameters must be measured. Thus, sensi-
tivity and uncertainty analyses are key tools in defining
and validating measurement requirements, and in the
creation of instrumentation development programs to
address measurement deficiencies.

Requirements Status

It is difficult to delineate specific measurement qual-
ity, environment, and application requirements for the
large number of unique measurements required by the
NASP program. Measurement requirements, like any
other requirements, must be supported in the manage-
ment process by a spokesperson backed by substanti-
ating information derived from test objectives. Test
objectives cannot be solidified until the evolution rate
of the design reaches the point where the environmental
and application requirements are bounded. Measure-
ment quality requirements for the ground and flight
test activities must then flow from uncertainty and sen-
sSitivity analyses.

Despite the uncertainties and generalities inherent
inthe development of measurement requirements for
the NASP program, several major efforts have been
mounted to understand these requirements. These ef-
forts were made by the Instrumentation Task Force
and the Instrumentation Consortium which were in-
troduced earlier.

Task Force Assessment

The instrumentation task force assessed the mea
surement regquirements for structures, propulsion, flight
systems, and aerodynamics disciplines. The measure-
ment needs were evaluated based on priority, schedule,
and measurement technology maturity. Within each
category, the task force provided a separate evaluation
for ground testing and flight testing. This evaluation
identified 26 areas requiring development emphasis, 20
specific measurands and 6 broadly defined technolo-
gies (Fig. 12). This assessment guided the early in-
vestmentsin instrumentation development and was the
basis for the next requirements assessment.

Instrumentation Consortium Assessment and
Flight Measurement List

Instrumentation development conducted under the
NASP Tech Mat program was primarily aimed at

ground test measurement deficiencies. However, flight
instrumentation deficiencies were seen as potentially
long poles in the X-30 development path and therefore,
more effort was needed to attack the most critical of
these problems. In response, the five competing NASP
contractors formed the instrumentation consortium to
collaborate in the development of required flight in-
strumentation. The contractors revised and prioritized
the instrumentation task force measurement list into
18 measurement areas. Eleven of these measurement
areas were selected for treatment in the consortium.

The first task in the consortium program was to eval-
uate the flight measurement requirements for each of
the eleven measurands. This assessment provided de-
tailed information on the measurement quality and the
measurement environment and application. Each tech-
nical discipline at each contractor site was solicited for
their measurement needs. These inputs were evaluated
and summarized into specifications of required mea
surement capability. Figures 13 and 14 illustrate the
breadth of responses and type of detailed data con-
tained in the consortium requirements. The consor-
tium effort provided much detail regarding the specific
measurement requirements, yet it also lacked the ad-
vocacy from the technical disciplines to program man-
agement that was experienced during Tech Mat.

The second task in the consortium program was to
assess the most promising measurement techniques for
each measurement need. Where the technology was
deficient, a technical approach and development pro-
gram were recommended. Figure 15 summarizes the
recommendations from this task. With the exception
of control position sensing, all of the measurement ar-
eas required substantial development. Unfortunately,
at this point the consortium was terminated because
of lack of funding and the end of competition in the
NASP program.

There have been no subsequent refinements to the
measurement requirements. These requirements led to
several development efforts which will be discussed in
the following section.

Instrumentation Development Status
and Accomplishments

After the instrumentation consortium, the NASP
program supported instrumentation  development
through contractor work packages, government work
packages, the Small Business Innovative Research
(SBIR) program, and the NASP Test Directorate. This
work took place through a centralized instrumentation
effort aswell as through the disciplines.



In the centralized instrumentation program, the con-
tractor and government efforts were structured to be
complementary in addressing the measurement prob-
lems. Unfortunately, funding limitations had adverse
impacts on the scope and the depth of the develop-
ment activities. There has been a progressive reduc-
tionin the scope of the development work from 11
measurement areas to 8. Figure 16 shows this de-
creasein scope from the initial work to the present.
In addition, the funding was so severely limited that
for a given measurement area only a small portion of
the actual measurement deficiency could be addressed.
For example, in the case of heat flux (Fig. 8), the is-
sues of transducer compatibility, installation technique,
measurement fidelity, and data analysis method must
be addressed for each of these seven measurement ap-
plications. However, with the existing funding only
two measurement techniques are being investigated for
one material-structural system. Clearly, this increases
technical risk to the program.

Limited additional development has been supported
by the technical disciplines. This includes work to
apply nonintrusive flow measurement techniques to
NASP tests, investigation of nondestructive evaluation
techniques, and development of skin friction measure-
ment techniques for extreme environments.

Development Progress

Despite the limited funding, some important
progress has been made in addressing NASP measure-
ment deficiencies. The following table summarizes the
work accomplished during the current phase, and is
organized by parameter development area.

Further Work

Despite this progress, much development remains
to be done. A particularly pressing need is in the
area of off-surface, nonintrusive measurements. High-
temperature strain measurement is another area in
need of improved measurement capability. Proof-of-
concept development must advance in parallel with
other disciplinary technology to assure that meaningful
testing can be accomplished.

L essons L ear ned

This section highlights several important lessons gar-
nered from the NASP program regarding the under-
standing of measurement requirements and the devel-
opment of instrumentation.

 Instrumentation must be treated as a discipline for
technology development programs organized on a
disciplinary basis.

For many technical disciplines, making measure-
ments is considered an adjunct to the normal technical
task. Many experimenters design instrumentation sys-
tems to support their own testing and usually rely on
off-the-shelf hardware to accomplish the measurement
requirements. When conducting parallel technology
development in extreme environmental conditions, the
measurement needs often exceed the capability of off-
the-shelf equipment. Acquiring reliable test informa-
tion from an extreme environment requires design and
engineering from a measurement perspective not unlike
that needed for technology advancement in a nonmea-
surement discipline. The same challenges exist with
regard to thermal, chemical, electrical and mechanical
environments to which is added the need to minimize
disturbances to the measured parameters. In this en-
vironment, the only way that instrumentation can re-
ceive appropriate emphasis, visibility, and resources is
for it to be recognized as the unique discipline that it
truly is.

e Measurement technology development must pro-
ceed in parale with other disciplinary devel-
opmentto assure testability of technology test
articles.

When validating the performance of test articles, the
lack of critical measurement capability can preclude
the ability to conduct meaningful tests. In spite of the
soft requirements definition, it is possible to identify
and mature measurement concepts early on and wait
for specific measurement applications to be done when
the design is mature. Running fast is good, but starting
early is better.

» Sengitivity and uncertainty analyses are required
to validate requirements.

Program requirements must be validated using crit-
ica sensitivity and uncertainty analyses. Otherwise
valuable resources may be expended in the develop-
ment of measurement capability that does not address
real program needs.

Concluding Remarks

Instrumentation technology must be advanced
onabroad front to meet the demanding re-
quirementsof the National Aero-Space Plane pro-
gram. Further development work is needed to mea
sure performance of critica propulsion and struc-
tural systems to the accuracy required for success-
ful development of an airbreathing single-stage-to-
orbit vehicle. Important breakthroughs have been
achieved in many disciplinary areas, however, similar



advances have not occurred in instrumentation tech-
nology. All research programs begin and end with
data, and the quality of the data is constrained by the

state of the art in measurement and instrumentation
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Table
Development
areas Objectives Accomplishments

Strain Develop PdCr and FeCrAl resistance gauges Successful compensation of FeCrAl and PdCr
for operation to 1500 °F and characterize gauges has reduced apparent strain by an
behavior on NASA materials. order of magnitude.

Develop fiber optics measurement approach- Work just initiated.
es using sapphire fibers.

Temperature Characterize performance of fiber optic dis- I dentified and solved optical fiber/measure-
tributed temperature measurement system ment system compatibility problems.
at 1000 °F. Identified preferred techniques for attaching

Develop techniques for attaching optical optical fibersto TMC and superalloy
fibers to NASP materials and structures. materials.

Demonstrate techniques for fiber optic tem- Work terminated.
perature measurement at 2000 °F.

Heat flux Develop fiber optic dual temperature meas- Sensor fabricated and characterized.
urement approach for cooled panel Installation techniques evaluated.
structures. Ready toinstall and test.

Develop thin film differential thermopile Prototype devices calibrated and tested on
and apply to NASP material. ceramics and metals. Starting trials on

Develop and evaluate 2-D inverse thermal NASP materials.
analysis tools for application to NASP Code used to analyze sensor installation
structures and materials. approaches for cooled panels. Performance

Validate parameter estimation codes for of embedded T/C approach quantified.
determining thermal properties of NASP Work just initiated.
materials.

Pressure/ Develop 2000 °F fiber optic microphone 1000 °F sensors fabricated and in test.

microphone with frequency response up to 100kHz 2000 °F sensor fabricated, testing to begin
and dynamic range of 130-190 dB. soon.

Develop a pneumatic line analysis and com- Model evaluated using low-temperature data
pensation tool for analyzing small diam- shows good agreement. High-temperature
eter pressure lines with high-temperature test facility under devel opment.
gradients.

Gas Develop multicomponent nonintrusive meas- System fabricated and tested in Cal Tech

diagnostic urement system for application to high- T-5 facility as part of high-speed com-

system enthalpy combustor testing in im- bustor test.

development pulse facilities. System undergoing modification to upgrade

— planar LIF of OH

— double pulse and double plate holo-
graphic interferometry

— high-speed schlieren

PLIF cameras, improve ability to quantify
OH, and improve schlieren camera.
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Table Concluded.

Development
areas Objectives Accomplishments
Gas Apply diagnostics to NASP combustor tests.
diagnostic — OH PLIF
system — O2PLIF
development — 02 LOS absorption
Apply diagnostics to NASP aerodynamic
tests.
— Raman in Mach 6 tunnel Successful measurements within shock layer
— Rayleigh in Mach 6 tunnel of NASP mode.
Resonant Develop resonant holographic interferom- Feasibility demonstrated in lab with CW
holography etry for OH including laser source and tunable lasers.
recording techniques. Evaluation of pulsed laser source underway.
High-temp Develop low attenuation 2000 °F silica Ni/Cr/Pt coated silica fiber fabricated and
optical fiber. tested-identified problem with coating integ-
fiber Develop low-loss sapphire fiber for usein rity. Modifying coating process.
microphone and temperature sensing. Low-loss sapphire (2, -4, dB/m) fabricated
Develop low-loss sapphire silica splice. using laser heated pedestal growth.
Low-loss splice (1.4 dB) fabricated using alum-
inosilicate glass jumper.
Skin Develop sensors for operation in high Floating element sensors fabricated and test-
heat flux combustor tests. ed in Mach 2 and 3 combustor flows with
heat fluxes to 400 BTU/ft2-sec.
Nondestruct Develop and evaluate advanced NDE tech- Thermal diffusivity, magneto-optical imag-
methods niques for analyzing NASP materials and ing and shearography techniques have

structures.

been evaluated for NASP materials and
structures.

Accuracy
Repeatability
Resolution
Dynamic
response

Access Weight
Power

Fig. 1 Dimensions of instrumentation requirements.
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Ground test
toehrlrologyt
Existing requiremen

Quality Environment

Fiight test
echnology
requirement

Application 220704
Fig. 2 Technology capability.

Using a physical phenomena to transform
information to a usable form

Usable
———- Transducer |—»- ?J'rt'l"‘“t

¢ Pressutre
emperature
heat flux = Electrical signal
skin friction

A transducer responds in every possible way to its environment.

The challenge of measurement s to enhance the desired responses
and suppress the undesired responses.

- Peter Stein

Thermal, electrical, mechanical, chemical, etc.
920705

Fig. 3 Making a measurement.
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Fig. 4 Strain transducer responses.

n
resistance

14000
12000}
10000

8000}

T

Apparent
strain, ue 60001

20001

-2000
-4000F

Original

New

0

200

400 600 800
Temperature,°F

1000

1200

Fig. 5 Temperature effects on strain gauge performance.
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X-15 Asset Shuttle NASP

Materials X X X
Structural concepts X X X
Thermal control concepts X
Airframe concepts X X X X
Engine concepts X
Flight control concepts X X X X
Subsystems X X
Instrumentation X X X X
Analytical tools X X X X
Testing X X X X

920708

Fig. 6 Parallel technology devel opment.

Ground test Flight test
sensors sensors
Short life (1 hr) — Long life (100 hr)
Large, heavy Small, light, low power
Allow complex Desire simple
Broad funding base Narrow funding base
Repairable/replaceable Nonrepairable
High performance ~ Lower performance?
Can isolate effects - Must treat combined
effects

Requirements are broad enough that one solution
will not solve both problems

920709
Fig. 7 Typical ground v. flight requirements.
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Heat transfer meastrement

"Material
i oo oo/ [
urface foil / / y A4 /
T-phosphor y4 / / 27 7 7 L/ /
Distributed T/C v
ug calorimeter / /
Stracture 4 // /
Leading edges // // /
Passive panels - Five
measurement
::::; cooled approaches
seven
Internal structure applications
(cryogenic)
Fig. 8 Scope of the typical measurement problem.
Q = 300-2000 BTU/ft *sec
‘ 0.100
=000
"l I" T = 800-1600 °F
0.020 0.120

90711

Fig. 9 Typical actively cooled panel configurations.
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Temperature, Heat flux, dT/dt, Acoustic, Vibration,
Location °F BTU/ft2-sec F/sec dB g

Actively cooled panels

Engine —200/1,800 2,000 1,000 200 500

Airframe —200/1,200 300 1,000 190 350
Leading edges

Engine —200/2,000 10,000/50,000 1,000 190 200

Airframe —200/1,200 2,000 1,000 170 350
Passively cooled panels

Carbon/carbon 1,800/3,000 60 250 190 300

Metal matrix composite 0/1,800 15 100 180 300
Cryogenic tankage —430/150 1 500 150 30

920712

Fig. 10 Extreme measurement environments.

70— —

60 — Parameters evaluated at
50 [— combustor exit plane
40 |—

30 |-

Measurands 20
indicative of
combustion

change from
nominal value

Il - 14% increase in combustion efficiency

|:| - 11% decrease in combustion efficiency

(%) he  HO Hy,0 peak OH Qdot p
-20 — mass | OS OH LOS avg avg
30l flow hymber number number

density density density

—40 }—
—50 |—
—60 |—
—70 - 02

mass

flow

920713

Fig. 11 Combustor parameter sensitivity.
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Measurands
Airdata
Altitude
Catalycity
Deflection
Density profile
Flow velocity
Slush hydrogen
Heat flux
Control position
Pressure

Surface

Free stream
Shock position

Species profile
Strain

Structural integrity

Measurands (cont.)
Temperature
Surface (skin)
Structural
Flow
Transition/skin friction
Vibration

Technologies

Fluorescence flow measurement
Material properties
Nondestructive evaluation
Optical sensors

Measurement standards
High-temperature wiring

Recommended investment $33.6 M

920714

Fig. 12 Instrumentation task force measurement priorities.

X-30 Heat Flux Measurement Requirement

Function
No. | Location Purpose Control/ | Design Research
P safety validation
Performance Requirements .
Notes/special
No. Time iderati
Purpose | A y | Frequency Others | CORSiderations
Environmental Requirements
No. Operating Nonoperating
Temp | Press | Vib | Acoustic | Shock | Temp | Press | Vib | Acoustic| Shock
920715

Fig. 13 Application requirement detail for NASP heat flux measurement.
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X-30 Heat Flux Measurement Requirements

Location Purpose No of contractor requests Total Cod
ode Purpose
RI MD Gb RD PW 4 Coolant control

AIC areas LE 4,6,7,8 3 2 1 1 7 5 Propelant boiloff &

Inlet 4,6,10 1 2 1 1 1 6 insulation

Nozzle 47,89 1|1 |1 | 1|1 5 6  validateCFD

7 Validate aeroheating

Acreage methods

c-c 6.7.8 3 1 1 5 8 Define boundary layer

: S transition

Metal matrix 6,7,8 3 1 1 5 9 Obtain aerodynamic
Control surfaces 7.8 2 2 10 g”d.p'“mefhea“”g
Inlet ramp 6,7,8,9,10 2 2 1 1 6 ngine pertormance
Engine cowl 7,89 1 2 1 4
Nozzle 7,8,9,10 1 2 1 1 5
Chine
Internal structure

Wing box

Landing gear

Primary structure 7 1 1
Other

Combustor 4,10 1 1 2

Cryo tanks 5 1 1

Cryo lines

Misc engine 020716

Fig. 14 Application requirement detail for a NASP heat flux measurement.
Strain

« Develop Pd-13 Cr foil gauge
* Prepare user guide for favorable available gauges

Temperature & heat flux
« Define concept for wide field optical hybrid IR/thermographic phosphor system (T&q)
« Demonstrate granted fiber optic distributed temperature sensor (T)
« Demonstrate dual phosphor typed fiber optic point sensor (T&q)

Pressure
» Develop high-frequency/high-temperature surface mounted fiber optic sensor
« Perform calculation to establish feasibility of standoff transducers

Acceleration
* Demonstrate fiber optic based accelerometer

020717

Fig. 15 Consortium development recommendations for contractor activity in phase 2D.
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Instrumentation and

airdata consortia

Task Force
Strain Heat flux
Gas diagnostics Deflection
Airdata Mass flow
Slush H2 gauging Skin friction
Surface pressure Catalycity
Shock position Structural integrity
Surface temperature Transition
Control position Acoustic noise
Structural temperature  H2 leaks

Acceleration

18 Measurement
areas

Ground and flight

Strain

Gas diagnostics
Airdata

Surface pressure
Temperature
Control position
Acceleration
Heat flux

Mass flow
Acoustic noise
Hydrogen leaks

11 Measurement
areas

Flight
focus

Phase 2D

Strain
Gas Diagnostics
Surface pressure

Surface
temperature

Heat flux

Acoustic noise
Skin friction
Structural integrity)|

8 Measurement
areas

Ground and flight
focus

Fig. 16 Decreasing scope of NASP instrumentation development.
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